Osmolarity is an important process variable during the cultivation of mammalian cells in vitro. Cell culture medium is designed to have osmolarity in the range of 260 and 320 milliosmoles (mOsm), basically to mimic the osmolarity of serum at 290 mOsm/kg. Fragmented information on the response of hybridoma cells to elevated osmolarity is available. A decrease in cell growth and an increase in antibody production were reported at high o~molarities.~~ Influence of osmolarity on antibody productivity seems to be cell line dependent.12 Here we report the effects of osmolarity on hybridoma cell growth, metabolism, and antibody synthesis. The osmolarity of the medium was altered by the addition of both ionic and non-ionic substances.
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by the addition of sodium bicarbonate. Medium osmolarity was measured using an Osmometer (Osmette, model 2007, Precision Systems, Inc., Natick, MA) as 290 mOsm. Media with osmolarities of about twice this value (580 mOsm) were prepared by dissolving IMDM in (1) 9 g/L NaC1, (2) in PBS, and (3) in 0.31M sucrose solution. The pH was also adjusted to 7.4 in these media. The osmolarities in these media preparations were measured. Then these IMDM preparations were mixed with standard IMDM media at 290 mOsm to give final osmolarities of 290, 338, 386, 435, and 580 mOsm.
Cells growing exponentially in ordinary IMDM with 5% FBS were spun down at 200g for 10 min. They were then washed with fresh IMDM and were inoculated with IMDM with different osmolarities. Fetal bovine serum was added to all the media preparations at 5%. Batch cultivations were carried out in 100-mL spinner flasks at an initial cell density of 4 x lo4 cells/mL. The volume in spinner flasks was 60 mL and they were kept at 37°C in a humidified incubator under 5% C02. Agitation at 100 rpm was provided by a MultiStir magnetic stirrer (Bellco).
Cell Size Determination Under Different Osmolarit ies
A Coulter counter (Model ZM with Channelyzer 256) was used for size determination. First, we studied cell volume changes in different osmolarities in nongrowth medium. Concentrated PBS was diluted in distilled water to give an osmolarity range of 200-500 mOsm. Cells were suspended in these solutions and the cell size distributions were determined. Second, we studied the kinetics of cell size changes during the batch culture experiments. Cell samples (4 mL) from duplicate flasks were combined and cell size was determined without any dilution. Cell size distributions were determined in a Coulter counter with channelyzer (Coulter) as described by Adams et al.'
Analytical Methods
Usually a total of 1-mL samples was taken twice daily. Cell counts were performed using a hemacytometer. Cell viability was determined by the trypan blue exclu-sion method. The samples were then centrifuged at 200g for 10 min and the supernatants were kept frozen at -80°C for later analysis. For the cell size measurements, an additional 4 mL sample was taken. The cell suspensions from duplicate flasks were combined to give a volume of 8 mL and cell size was determined in the Coulter counter.
The glucose and lactate concentrations were measured using a model 2000 Glucose/L-Lactate analyzer (Yellow Springs Instruments, Yellow Springs, OH). Ammonia was measured with an ion selective electrode (Orion, Boston, MA). Samples (100 pL) were mixed with 500 p L pH adjusting buffer solution (Orion, Boston, MA) and the response was recorded.' Antibody, ZgG1, was quantified using an enzyme-linked immunosorbent assay (ELISA), as described elsewhere.'
Ma thema tical Methods
The concentration time profiles were quantified in terms of growth rates, and metabolic uptake and waste production rates were evaluated during the exponential Time, hr growth, as decribed in Ozturk.' The standard deviation on the kinetic parameters calculated from duplicate experiments was less than 10%.
RESULTS
Cell growth, substrate, product, and antibody concentration during batch cultivation at different osmolarities are presented in Figure 1 . At 580 mOsm, cells did not grow. Different osmolarities in Figure 1 were obtained by the addition of PBS components into IMDM, as described in the Materials and Methods section. Using PBS, the physiological Naf/K+ concentration ratio was kept constant. Similar data was obtained for the addition of NaCl alone and for the addition of sucrose. Thus, these effects described below seem to be solely due to medium osmolarity.
Cell Growth
Cell growth was depressed at higher osmolarities, as illustrated in Figure were calculated in the exponential phase and summarized in Table I . Increasing osmolarity from 290 to 435 mOsm decreased the specific growth rate by a factor of about 2. The maximum cell concentrations obtained in the batch mode were also dependent on media osmolarity, as can be seen from Figure 1 . The specific death rates evaluated in the exponential phase were also influenced by the media osmolarity (Table I) . About a threefold increase in the death rate was observed at 435 mOsm compared to media at isotonic osmolarity. For a given osmolarity, the death rates evaluated in the decline phase were about one order of magnitude higher than those evaluated in the exponential phase. The decline phase death rates were also higher at high osmolarities. The specific growth and death rates were normalized using the values obtained in an isotonic solution and presented as a function of normalized osmolarity, i.e., the ratio of media osmolarity to isotonic osmolarity.
[ Fig. 2(A) ]. The growth and death rates obtained in sucrose-containing batches are also included in this figure. It can be seen that the results presented here are independent of the source of increased osmolarity. Both ionic (PBS and NaCl) and nonionic (sucrose) components yielded similar rate parameters.
Cell Metabolism
The specific rates of consumption of glucose and glutamine, and the rates of production of lactate and ammonia were all increased at high osmolarities (Table I ). An increase in osmolarity from 290 to 435 mOsm resulted in a more than twofold increase in these metabolic rates. In Figure 2(B) , the metabolic rates were normalized to the values at isotonic media and plotted as a function of relative increase in osmolarity. We see that the metabolic rates increased essentially at the same rate. The yield coefficients of lactate from glucose and ammonia from glutamine remained constant in all osmolarities (Table I) .
Antibody Synthesis
Although cell growth was lower at higher osmolarities, similar antibody concentrations were obtained for all the cultures [ Fig. l(D) ]. This result was due to altered specific antibody productivity. Monoclonal antibody Figure 3(A) shows the curves obtained from the data presented in Figure 1 . For all osmolarities we obtained straight lines, indicating a constant productivity for each culture. The slopes, hence the production, rates were different. Specific antibody production rates were higher at elevated osmolarities. More than a twofold increase in specific antibody production rate was obtained at 435 mOsm osmolarity [ Fig. 3(B) ].
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Kinetics of Cell Size Variation
When the cells were suspended in PBS at different osmolarities, cell size rapidly equilibrated to the media osmolarity. Figure 4 summarizes the cell volume data at different osmolarities. Cells showed almost ideal osmotic volume responses to the external osmotic pressures. Ideal osmotic response of the cells to the external osmotic pressure is expressed by the Boyle-vant Hoff relation3:
where Po and VO are the isotonic pressure and volume, PlPo Figure 2 . Effect of osmolarity on cell growth and metabolism. The rates were normalized using the values at PO = 290 mOsm and plotted as a function of normalized osmolarity, P/Po: (A) growth and death rates for PBS addition ( 0 ) and for sucrose addition (square); (B) metabolic rates for glucose uptake (0), glutamine uptake (W), lactate production (closed circle), and ammonia pro-
tion in a fashion consistent with eq. (1). Similar ideal osmotic responses of living (cell type) cells were also observed.' Data for human lymphocytes and granulocytes is included in Figure 4 for comparison.6 The hybridoma cells used showed similar response. The above data were obtained when the cells were kept in a nongrowth medium. The transient changes in cell volume during cultivation at various osmolarities were very different [ Fig. 5(A) ]. Cell sizes were measured during batch culture. Under normal conditions, we observed a constant cell volume in the exponential phase followed by a decrease in the late exponential and death phase." The cells when grown in hypertonic media exhibited significant change in the cell volume during the first 10 h of cultivation. Cells were smaller at higher osmolarities only at the beginning of the culture. This initial response was similar to that obtained in the nongrowth PBS media outlined above. The cell size increased during growth and the cells attained larger sizes at high osmolarities, which they kept for the rest of the experiment. This interesting behavior is illustrated in Figure 5(B) . At the beginning of the experiment, cell size decreased after being introduced to high osmolarities, but after 24 hours of incubation, cell size had actually increased. Osmolarity, mOsm concentrations were obtained per batch because of lowered growth rates and increased death rates in hypertonic media. The increase in specific (per cell) antibody production rate under hypertonic conditions may be important for cost-effective production of antibodies. We have also observed an increase in specific antibody productivity under non-optimal pH conditions." The increase in the specific antibody productivity induced by elevated osmolarity and lower pH may be related to the environmental stresses placed on the cells.
However, the increase in specific antibody productivity may not result in a substantial difference in the antibody concentration obtained due to decreased cell growth rate and increased death rate. In culture systems where cell growth and production are separated, the environmental stress effects on antibody productivity can be utilized for a higher antibody concentration. In immobilized systems, such as hollow fibers, or beads, the cells are maintained at minimal growth rates. In these systems, media osmolarity can be increased to stimulate the productivity.
The single volume of 167.465.3 hybridoma cells initially exhibited an ideal response to changes in medium osmolarity in non-growth medium (PBS). These changes in cell volume were successfully described by eq. (l), and these volume changes were comparable to those observed in other cells such as lymphocytes and granulocytes. However, changes in cell volume under nongrowth conditions may be misleading. At elevated osmolarities, actively dividing cells actually increase their volume with time. The mechanism underlying this regulation is not known but this behavior may influence the way the specific (per cell) metabolic rates are interpreted. The increase in metabolic activities and the antibody production rate at high osmolarities can be partially explained by the increase in the cell volume. These rates, calculated based on cell numbers (Table I) , increased by a factor of 2.5 (Fig. 2) . The cell volume increased by a factor of 1.5. Hence, a part of the increase in the metabolic rates and the antibody production rate may be attributed to changes in cell volume.
